We have generated a transgenic line that expresses the Cre gene product under the regulation of a 12.5 kb upstream regulatory sequence from the Sox2 gene. Using a R26R reporter line, we show that this transgenic line induces recombination in all epiblast cells by embryonic day (E) 6.5 but little or no activity in other extraembryonic cell types at this time. When crossed to a conditional allele of the Sonic hedgehog gene (Shh c ), all Sox2Cre;Shh n /Shh c embryos displayed a phenotype indistinguishable from that of the Shh null mutant. Sox2Cre functioned more efficiently in epiblast-mediated recombination than the Mox2Cre (MORE) transgenic line, which has also been shown to drive Cremediated recombination exclusively in the embryonic component of the early mouse embryo. Although most MORE; shh h /shh c embryos have a shh hull phenotype, 33% displayed a milder skeletal phenotype, most likely result of incomplete recombination at egg cylinder stages. In agreement with these findings, Sox2Cre was active earlier and Sox2Cre-mediated recombination was more advanced than MOREmediated recombination at early gastrulation stages. The Sox2Cre line is likely to be more effective in generating complete, epiblast-specific removal of gene activity, and the mosaic activity of the MORE line will be helpful in generating partial loss-of-function phenotypes in the embryo-proper. q
Results and discussion
The Sox2 gene encodes an HMG domain containing transcriptional regulator that is expressed in the inner cell mass, epiblast and extraembryonic ectoderm prior to gastrulation and in the prospective neural plate and chorion at the onset of gastrulation (Pevny et al., 1998; Wood and Episkopou, 1999; Zappone et al., 2000) . We have generated transgenic mice in which Cre expression is regulated by a 12.5 kb enhancer/promoter element from the Sox2 gene (Fig. 1A) . In this report, we demonstrate that a Sox2Cre mouse exerts efficient Cre-mediated recombination in the epiblast but not in non-epiblast derived extraembryonic tissues at gastrulation. We also present a comparison of this Sox2Cre line and a second epiblast-specific Cre line, MORE (Tallquist and Soriano, 2000) , and show that the different efficiencies of these lines in inducing recombination provide useful tools for modulating gene activity in epiblast-derived tissues.
To examine the activity of Sox2Cre, each transgenic line was crossed to the Rosa26 lacZ reporter line (R26R) (Soriano, 1999) , which possesses an interrupted lacZ cassette in the constitutively expressed Rosa26 locus. Cremediated recombination in a cell is required for reporter activity, once activated the reporter gene continues to be expressed in all descendants of this cell. At embryonic day (E) 9.5, lacZ activity was detected throughout Sox2Cre;R26R embryos but no activity was observed in embryos that carried only the R26R or Sox2Cre alleles (Fig. 1B,C and data not shown). LacZ activity was also detected in extraembryonic derivatives of the epiblast including the yolk sac mesoderm and amnion, but no activity was detected in primitive endoderm derived tissues such as the visceral endoderm (Fig. 1D,E) .
The widespread recombination in all epiblast derivatives suggests an early recombination event. To examine when Sox2Cre acts and whether recombination is specific to the epiblast, Sox2Cre;R26R embryos were examined at E6.5 and 7.5. Analysis of whole-mount preparation following Xgal histochemical staining at E6.5 showed that lacZ activity was restricted to the epiblast ( Fig. 2A) . Further, analysis of section demonstrated that all epiblast cells appear to have undergone a recombination event by E6.5 (Fig. 2B ,C and data not shown).
At E7.5 X-gal histochemical staining was observed in all three germ layers of the mouse embryo, as well as epiblast derived extraembryonic membranes; the amnion, allantois, and mesoderm of the yolk sac and chorion ( Fig. 2D-F) . At this stage, dispersed, low level recombination was also detected in minor population of chorion cells. Detailed analysis on a series of 6-mm sections throughout embryos showed that less than 3% of chorion cells in any section were lacZ positive ( Fig. 2E and data not shown). Thus, the Sox2Cre transgene should be an effective tool for early epiblast removal of gene activity, whereas gene activity in the surrounding visceral yolk sac endoderm and extraembryonic ectoderm is predicted to be largely unaffected.
To directly test the usefulness of this approach, we used Sox2Cre activity to remove Shh activity from a conditional Shh allele (Shh c ). In this recombination event, essential coding sequences in exon 2 that were flanked by loxP sites were removed by Cre-mediated recombination (Lewis et al., 2001 ). Shh, a secreted ligand, initiates a signaling pathway that plays essential roles in the patterning of a number of tissues during mouse embryogenesis (Ingham and McMahon, 2001) . Shh null mutants (Chiang et al., 1996; St-Jacques et al., 1998) lack ventral cell fates along the length of the neural tube resulting in ventral-medial cyclopia. They also exhibit a number of skeletal abnormalities including the loss of most facial structures, which are replaced by a single proboscis-like frontal nasal process, a failure of vertebral development and an absence or truncation of skeletal elements in both limbs (Fig. 3A ,B,E,F). Shh is expressed exclusively in epiblast-derived tissues notably the notochord (from early gastrulation stages), floor plate, gut endoderm and zone of polarizing activity in the limb (Echelard et al., 1993) . Consistent with our expectation, the phenotype of Sox2Cre;Shh n /Shh c mutants was indistinguishable from that of Shh n /Shh n embryos (12/12) ( Fig.  3B ,C,F,G). Further, polymerase chain reaction (PCR) analysis was unable to detect any evidence of the non-recombined allele in variety of embryonic tissues, indicating that recombination was likely to have occurred early in all epiblast cells (data not shown).
Previous reports have described a Mox2Cre (MORE) transgenic line that results in epiblast-specific Cre-mediated genetic modification (Tallquist and Soriano, 2000) . Similar to Sox2Cre, MORE showed efficient recombination in the epiblast but not in extraembryonic tissues based on R26R analysis (Tallquist and Soriano, 2000) . We compared the efficiency of these two Cre lines using the and (E), respectively. Note that all epiblast cells were lacZ positive at E6.5, indicative of recombination in the epiblast is complete by this time, whereas no lacZ positive cells were observed in visceral endoderm (arrow in A, and C) and extraembryonic ectoderm (arrowhead in A, and B). At E7.5, all three epiblast-derived germ layers were lacZ-positive as indicated in (F), ectoderm (arrowhead), mesoderm (small arrowhead), and endoderm (arrow). LacZ positive cells were also observed in extraembryonic mesoderm of the yolk sac (arrow in E), in the amnion (am) and the allantois (al), all of which arise from the epiblast. A low level of recombination was observed outside of epiblast derivatives in the chorion (arrowhead in E). Scale bars: A,B,D,E, 100 mm; C,F, 10 mm.
show variable expressivity. As might be expected, PCR amplification detected some evidence of an intact Shh c allele in all MORE;Shh n /Shh c embryos displaying this weaker phenotype, but not in those with null phenotype (data not shown). Thus, Sox2Cre-mediated recombination is more effective in removing Shh activity from epiblast derivatives than the MORE transgene.
To address whether these differences could be observed in the epiblast at gastrulation, we examined the activity of each Cre transgene when crossed to Z/AP reporter mice. Z/AP reporter mice normally express the lacZ gene ubiquitously. Cre-mediated recombination abolishes lacZ expression and initiates alkaline-phosphatase expression (Lobe et al., 1999) . Thus, reduced lacZ activity between embryos derived from these lines indicates an earlier and/or more complete recombination. It should be noted that due to the perdurance of bgalactosidase, it is difficult to draw a firm conclusion as to the exact timing of recombination within a cell.
At E6.5, Z/AP embryos showed intense lacZ activity in the epiblast, but not in most of the visceral endoderm and the extraembryonic ectoderm (Fig. 4A) . LacZ activity was only slightly reduced in MORE;Z/AP embryos (Fig. 4B) . In contrast, activity was greatly reduced in Sox2Cre;Z/AP embryos (compare Fig. 4B to A and C) . The difference becomes even more apparent by E8.5 when lacZ activity was still detected in MORE;Z/AP embryos but was abolished in Sox2Cre;Z/AP embryos (Fig. 4D-F) .
To investigate whether Sox2Cre elicits recombination earlier than MORE, lacZ activity was examined in Sox2Cre;R26R embryos. LacZ activity was detected in Sox2Cre;R26R embryos 20 h after blastocysts outgrowths were established in culture, whereas no activity was observed in MORE;R26R embryos until 48 h of culture (Fig. 4G,H) (Tallquist and Soriano, 2000) . Thus, Sox2Cre acts earlier than MORE. These results demonstrate that the differences between the two strains are due to differences in the timing of transcriptional activation of the Cre transgene, the levels of gene activity and mosaic expression in MORE transgenics. Sox2Cre is a more effective tool if broad, early epiblast specific, recombination is the desired goal.
Our results show that both transgenic lines will facilitate analysis of gene-activity during embryogenesis. For example, when the Sox2Cre line is crossed with a conditional allele for a gene that may play distinct roles in both early extraembryonic lineages (extraembryonic endoderm of trophectoderm-derivatives) and in the epiblast or its derivatives, the Sox2Cre transgene will permit efficient loss-offunction only within epiblast cells and their descendants. /Shh c embryos were indistinguishable from Shh n /Shh n embryos. Some MORE;Shh n /Shh c embryos showed a weaker phenotype than that of Shh n /Shh n embryo with a more extended limb containing several normal digits (arrowhead). In addition, these embryos have a vertebrate column (vc) which is absent in Shh n /Shh n embryos. d, digits; f, femur; fi, fibula; h, humerus; t, tibia; u, ulna; vc, vertebrate column. Scale bar: 1 mm.
In so doing, it should be possible to distinguish potentially unique roles for the factor of interest, also depending on the nature of the mutant, to facilitate survival of the embryo to later stages that may be more amenable for analysis. At present, tetraploid aggregation with a mutant embryo or ES cell line offers a technically demanding alternative (Nagy et al., 1990; Nagy and Rossant, 2001) .
Further, the incomplete recombination observed in the MORE line allows for the creation of epiblast specific, genetic mosaics, and partial loss-of-function phenotypes. Such phenotypes can be as informative (or more so) than a complete, early loss of function. We have illustrated this point by comparing the different phenotypes obtained with a Shh c allele. Of course, Cre-mediated recombination is not restricted to the generation of loss-of-function alleles but is simply a means of recombining DNA sequences that may serve many purposes. We expect the Sox2Cre strain will have several useful applications.
Materials and methods

Transgenic mouse lines
Sox2Cre transgenics were generated as follows. A 12.5 kb NotI fragment of Sox2 upstream sequence (Zappone et al., 2000) was cloned in front of an intron (Niwa et al., 1991) , Cre (Gu et al., 1993) , and a rabit b-globin poly(A) signal (Niwa et al., 1991) to generate pSox2Cre. The 15.4 kb Sox2Cre transgene was gel purified and microinjected into mouse pronuclei following standard procedures (Hogan et al., 1994) . R26R reporter mouse (Soriano, 1999) and MORE transgenics (Tallquist and Soriano, 2000) were kindly provided from Dr. Philippe Soriano. Generation of Shh null and conditional mice were previously described (StJacques et al., 1998; Lewis et al., 2001) . Z/AP mouse (Lobe et al., 1999) was kindly provided by Drs. A. Nagy and C. Lobe.
Histology and X-gal staining
Embryos were collected at E6.5, 7.5, or 9.5, fixed and subjected to histochemical staining in X-gal for 3 h at 37 8C to visualize b-galactosidase (b-gal) activity (Whiting et al., 1991) . Following X-gal staining, embryos were fixed in 4% paraformaldehyde, dehydrated through an ethanol series, embedded in paraffin and sectioned at 6 mm.
Blastcyst outgrowth collection
Blastcyst was harvested and cultured for 20 h as previously described (Hogan et al., 1994) .
Skeletal preparation
Skeletons were prepared by a modified protocol from McLeod (1980) . Stained samples were cleared in 1% KOH for 2-3 days with gentle rocking before transferring through 20, 50 and 80% of glycerol solution in 1% KOH for 2 h in each solution.
